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Abstract
Attenuation coefficients and mass attenuation coeffi-
cients of wood were determined theoretically and experi-
mentally for thermal and cold neutrons. Experiments
were carried out at the neutron imaging facilities at the
Paul Scherrer Institute, Villigen (CH). For the calculation
of theoretical attenuation coefficients, only the three main
elemental components (carbon, oxygen and hydrogen)
were taken into consideration. While hydrogen accounts
only for 6% (by wt) of wood, over 90% of the attenuation
can be attributed to this element. Nitrogen and other
trace elements were estimated to have a negligible
impact on the theoretical attenuation coefficient. For the
experimental determination of the attenuation coeffi-
cients, samples from different European and tropical
wood species were tested in order to examine the influ-
ence of density and extractives content. Experimental
results show a very strong linear correlation between
attenuation coefficient and wood density irrespective of
the tested species and extractives content that play only
a minor role. As neutrons are very susceptible to scat-
tering, it is necessary to apply a scattering correction if
a quantitative evaluation is intended.
Keywords: neutron attenuation coefficients; non-
destructive testing; quantification; wood properties.
Introduction
Transmission measurements based on electromagnetic
radiation, such as g- or X-rays have long been well
established as non-destructive testing methods in the
area of wood research (Bucur 2003a,b). A method work-
ing along similar principles is neutron imaging (NI), which
represents an innovative technique for investigations on
wood (Lehmann et al. 2001a; Osterloh et al. 2008). NI is
complementary to X-ray methods and a very promising
tool for a multitude of applications, such as quantitative
evaluations of moisture contents (Niemz et al. 2002), the
penetration behaviour of wood adhesives (Niemz et al.
2004) and conserving agents (Lehmann et al. 2005) or
the determination of density profiles (Mannes et al. 2007).
In order to exploit its full potential, it is necessary to con-
sider the theoretical background of the method and to
focus on the interactions between neutron radiation and
wood on an elementary level. The attenuation coeffi-
cients and the mass attenuation coefficients are para-
meters describing those interactions and have already
been determined for different energy levels of electro-
magnetic radiation based on theoretical or experimental
data (Olson and Arganbright 1981; Liu et al. 1988; Hoag
and Krahmer 1991). For NI on wood, however, those
parameters have scarcely been scrutinised until now.
The aim of this study was to determine the attenuation
coefficients and mass attenuation coefficients of wood
for cold and thermal neutrons both theoretically and
experimentally. The experiments were conducted at the
neutron imaging beam-lines of the Paul Scherrer Institute
(PSI), Villigen, Switzerland. European and tropical wood
species with varying density and extractives contents
were investigated.
Materials and methods
General principle
NI as well as X-ray imaging is based on transmission measure-
ments, i.e., the degree to which an object within the beam path
attenuates the incoming radiation (Figure 1) is observed. The
result is a shadow image of the object yielding information on
its inner structure and composition as the interactions between
incoming beam and object depend on its elemental composition
and density. Those interactions, which contribute to the atten-
uation in this type of experiment, comprise absorption and
scattering.
How the atoms of different elements interact with the beam
depends on the type of radiation. For example, X-ray photons
interact with the electrons of atomic shells, resulting in a strong
correlation between the atomic number and the interaction prob-
ability. The larger the atomic number, the higher is the interaction
probability given by the microscopic cross-section, s. Neutrons,
on the other hand, possess a completely different interaction
pattern with matter. Being electrically neutral particles, they are
not likely to interact with electron shells of an atom. The inter-
action occurs with the atomic core itself and thus is not corre-
lated with the atomic number. Instead, it shows a high inter-
action probability for some light elements, such as hydrogen,
while heavier elements, such as lead, are practically transparent
for neutrons.
The attenuation coefficient or macroscopic cross-section, S,
is a parameter that describes the degree to which a certain
material attenuates a beam. The attenuation results from all
interactions of the beam with an object, which includes scatter-
ing as well as absorption. In a simplified first order approach, a
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Figure 1 Simplified visualisation of the transmission measure-
ment: the incident neutron beam with the intensity I0 is led on a
sample with the thickness z. The transmitted beam with the
intensity I is registered with a 2D-detector.
Figure 2 Energy spectra of the neutron imaging beam-lines
NEUTRA (thermal spectrum) and ICON (cold spectrum) scaled
on the right panel (normalised arbitrary units); the microscopic
cross-sections of hydrogen (H), carbon (C) and oxygen (O) are
scaled on the left panel; note the logarithmic scale of the X-axis.
differentiation between both interaction types can be neglected.
The transmitted mono-energetic beam with energy E can be
described by the linear attenuation law:
Ø- (E) zSI EsI E Øe (1)Ž . Ž .0 ,
where I is the intensity of the transmitted beam, I0 is the intensity
of the incident beam, S is the neutron attenuation coefficient of
the material and z is the specimen thickness. The linear atten-
uation law is valid under the assumptions that the beam is
mono-energetic and that the thickness, z, tends towards 0.
The attenuation coefficient, S, comprises of the microscopic
cross-section of an element, s, i.e., the interaction probability of
an element with the radiation, and the atomic density, N, of this
element. For pure specimens of only one element, S is calcu-
lated as follows:
SssØN. (2)
For compound materials containing more than one element,
the attenuation coefficients of the individual components sum to
give the total attenuation coefficient of the sample:
n n
S s Ss s ØN . (3)Ž .total i i i8 8
s si 1 i 1
The elemental composition of wood regarding the main com-
ponents is relatively similar for all wood species (Rowell 2005).
They only differ in the contents of some trace elements that are
characteristic for the individual species. Thus, only the three
main components, namely carbon (50%), oxygen (44%) and
hydrogen (6%), were considered for the calculation of the the-
oretical attenuation coefficients while the other elements were
neglected (% by wt).
Microscopic cross-sections, s, of the individual elements
were taken from data libraries (Pelowitz 2005). Those libraries
provide energy dependent cross-sections for elements based on
the free-gas model and also for a few elements bound in com-
pounds. The s-values for hydrogen, as bound in water, were
taken into account, while for carbon and oxygen cross-sections
of the free-gas model were used. As both utilised beam-lines
show polychromatic characteristics, s had to be calculated as
a mean value weighted along the respective spectrum of each
beam-line. The atomic density, N, was estimated according to
Eq. (4):
Ns(r/A)ØN , (4)A
where r is the material density, A the atomic weight and NA
Avogadro’s constant.
For the calculation of the theoretical attenuation coefficient,
a density of 0.6 g cm-3 was assumed.
The ratio of attenuation coefficient and density is called mass
attenuation coefficient S/r. It is a material property specific to a
certain neutron energy spectrum and a constant for all wood
densities and wood species, as long as the actual elemental
composition is similar to the assumed one.
Experimental setup
The experiments were carried out at the neutron imaging beam-
lines NEUTRA and ICON at PSI, Villigen (CH). NEUTRA is a
beam-line using neutrons within a thermal energy spectrum,
while ICON provides a cold spectrum with less energetic neu-
trons. The characteristics of the two beam-lines have been
described by Lehmann et al. (2001b) for NEUTRA and by
Kuehne et al. (2005) for ICON. Figure 2 shows the spectra of the
two beam-lines and the microscopic cross-sections, s, of the
elements taken into account for the calculation of the theoretical
attenuation coefficients. Both facilities are provided with neu-
trons by the Spallation Neutron Source SINQ (Bauer 1998).
At both facilities, the setup for the described measurements
was similar: the samples were positioned within the path of an
almost parallel neutron beam in front of a detector. The detector
was a scintillator-CCD camera system. The scintillator, doped
with lithium or gadolinium as the neutron absorbing agent, con-
verts the neutron beam into visible light. Within a light-tight box,
the produced light is sent onto a CCD-camera via a mirror. The
images were then digitally stored as 16-bit files.
Evaluation of the experimental data
Before the evaluation, the raw image data had to be processed
in order to correct inhomogeneities of the experimental setup.
First, a median filter was used on the images to eliminate ‘‘white-
spots’’, which are outliers caused by such occurrences as direct
hits of the CCD chip from g-particles, for example. Then, the
offset caused by the background noise of the CCD camera was
subtracted from all of the images. In the next step, the images
were flat-field corrected to reduce the impact of inhomogenei-
ties of the beam and the scintillator. These standard steps are
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Figure 4 Correction of a typical neutron image (left: sample of
Makassar ebony; right: sample of obeche). (a) The raw image,
(b) the ‘‘flat field’’ without the samples, (c) the scattering cor-
rected image.
Figure 3 Simplified model of possible interactions between
incident neutrons and the atoms within the object: (a) absorp-
tion, (b) scattering and (c) transmission; potential error sources
for quantification: (d) sample scattering and (e) background
scattering.
common to all transmission based imaging methods, e.g., X-ray
or synchrotron radiography and tomography.
As neutrons are susceptible to scattering, especially if hydro-
gen is involved, quantitative evaluation of the image data neces-
sitates further corrections in particular for thick water layers and
high amounts of moisture (Hassanein et al. 2005). Scattering
events that can be problematic for the quantification of neutron
images are caused by a combination of scattering within the
sample and background scattering (Figure 3). Sample scattering
can lead to an underestimation of the attenuation, because the
scattered neutrons can deviate so that they hit the detector
behind the sample. Thus, they are counted as a transmitted sig-
nal although they have interacted with the material and therefore
should contribute to the attenuation. The background scattering
consists of neutrons that are scattered back onto the detector
by the experimental setup (e.g., facility’s shielding material, cam-
era box, «). The scattering corrections were performed by the
software tool QNI (Quantitative Neutron Imaging) developed by
Hassanein (2006). The software calculates the estimated contri-
bution by scattering events and subtracts these from the neutron
image. The estimation of the sample scattering is based on Point
Scattered Functions (PScFs), which are calculated with Monte
Carlo simulations. The PScFs ‘‘describe the scattering distribu-
tion caused by a neutron beam from a point source penetrating
a material layer’’ (Hassanein 2006). It takes into account the
energy spectrum of the used facility, the sample-detector dis-
tance, the elemental composition of the tested material, and the
scintillator material used. All of these parameters have to be
known in order to run the scattering simulation, on which the
correction is based. An example of a typical transformation from
raw image data to the final scattering corrected image is pres-
ented in Figure 4.
After correction, transmission values for each sample were
derived from the corrected images using image-processing
tools. With the obtained values, the attenuation coefficient, S,
was calculated for each sample from Eq. (1):
-ln T
Ss , (5)
z
where T is the transmission of a sample with thickness z. The
transmission, T, is defined as the ratio of the transmitted to the
initial beam intensities:
I
Ts , Is F E ´ E dE, I s F E ´ E dE, (6)Ž . Ž . Ž . Ž .0 0| |I0
where F(E) and F0(E) are the beam energy distributions and
´ (E) is the energy dependent detector efficiency.
In addition, an error estimation for the S calculation was car-
ried out including experimental uncertainties for I, I0 and z.
Materials
The wood samples investigated cover a broad range of density
and extractive contents (see Table 1, in which also the experi-
mental setup is listed). All samples were oven-dried at 1038C
until weight constancy before the actual experiments and the
samples were stored within sealed plastic bags in an evacuated
desiccator with silica gel. The dry samples were only unwrapped
immediately before the measurements, which were started and
concluded within a few minutes, to minimise the influence of
water absorbed by the specimens. Although a small risk of some
residual moisture after drying and water from post-drying sorp-
Neutron attenuation coefficients for non-invasive quantification of wood properties 475
Article in press - uncorrected proof
Table 1 Overview of the different experiments and utilised samples.
Dimensions
Number of (height= Oven-dry
FACILITY samples width=thickness) density
(and objectives) Species (n) (cm) (g cm-3)
NEUTRAa and ICONb European beech 10 3=1.5=1.5 0.59–0.69
(Relation of attenuation Norway spruce 10 0.39–0.51
coefficient or mass
attenuation to density) Norway spruce 4 natural density 2=2=2 0.47
(natural and artificially 4 densified 2=2=1.2 0.67–0.75
densified) 4 densified 2=2=0.9 0.91–1.00
NEUTRAa (Relation of Norway spruce 2 untreated and 2 2=2=1 0.39–0.42
attenuation coefficient Common yew extractedc per 0.56–0.63
to extractives contents) European larch species 0.54–0.62
Black locust 0.66–0.73
Balsa 1 sample per 5=2=2 0.2
Obeche species 2=2=1 0.3
Merbau 2=2=0.6 0.9
Makassar ebony 1=1.5=0.6 1.2
For Latin names of woods, see experimental section.
aNEUTRA (thermal spectrum), bICON (cold spectrum), cExtraction: Tappi T 204 om-88 (modified) (Tappi 1988).
Table 2 Theoretical microscopic cross-sections and attenuation coefficients for a simplified physical model
of wood (density 0.6 g/cm3) at the imaging beam-lines NEUTRA (thermal spectrum) and ICON (cold spectrum);
only carbon, oxygen and hydrogen are taken into account as constituents.
C O H Wood
Material density, r (g cm-3) 0.6
Relative fraction (%) 50 44 6
Number density, n (cm-3) 1.51Eq22 9.94Eq21 2.17Eq22 4.67Eq22
Atomic weight, A (g mol-1) 12 16 1
Thermal neutron spectrum (NEUTRA)
Microscopic cross-section, s (cm2) 4.93E-24 4.00E-24 4.70E-23
Attenuation coefficient, S (cm-1) 0.07 0.04 1.02 1.13
Relative share of S (%) 6 4 90
Mass attenuation, S/r (cm2 g-1) 1.88
Cold neutron spectrum (ICON)
Microscopic cross-section, s (cm2) 5.29E-24 4.23E-24 6.02E-23
Attenuation coefficient, S (cm-1) 0.08 0.04 1.31 1.42
Relative share of S (%) 6 3 91
Mass attenuation, S/r (cm2 g-1) 2.37
tion remains, the moisture content of the specimens was
assumed to be zero. The sample size was selected such that
sufficient transmission through the sample could be expected
and inhomogeneities caused by factors, such as tree rings,
could be compensated for.
In order to verify theoretical values, the first experiment per-
formed with thermal and cold neutrons (NEUTRA and ICON) was
focussed on the relationship of attenuation coefficient and mass
attenuation with density. The wood species investigated com-
prised European beech (Fagus sylvatica L.) and Norway spruce
wPicea abies (L.) Karst.x. Ten specimens per species were tested
with their naturally varying densities and also a set of spruce
samples was included with artificially modified density. The latter
were cut from the same board, which was gradually densified in
a press, resulting in samples with identical elemental composi-
tion but three different densities (uncompressed and two den-
sification steps).
In the second experiment, the influence of the extractive con-
tents on the attenuation coefficient was observed in addition to
the density dependence. Two specimens from twin samples
were scanned from the following species: Norway spruce wPicea
abies (L.) Karst.x, common yew (Taxus baccata L.), European
larch (Larix decidua Mill.) and black locust (Robinia pseudacacia
L.). The samples were cut from boards: one was extracted while
the other one remained untreated. The extraction was carried
out in an autoclave (2 h at 908C and 2 bar) with ethanol-toluene
as extractive agent according to the Tappi T 204 om-88 standard
(modified) (Tappi 1988). This set of samples was measured with
thermal neutrons (NEUTRA).
Together with the extracted samples, a smaller set of tropical
woods was measured which had a broad natural range of den-
sities and extractives contents. The species included balsa
(Ochroma lagopus Sw.), obeche (or abachi or wawa) (Triplochi-
ton scleroxylon K. Schum.), merbau (Intsia spp.) and Macassar
ebony (Diospyros spp.).
Results and discussion
Theoretical attenuation coefficients
The theoretical attenuation coefficients and mass atten-
uation coefficients are listed in Table 2. Calculated atten-
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Figure 5 Attenuation coefficient S wthermal spectrum (NEU-
TRA)x of beech and spruce samples over the density; S without
scattering correction: crosses; S with scattering corrections:
rhombuses; theoretical values: grey line; vertical error bars: esti-
mated measuring errors.
Figure 6 Mass attenuation coefficients (thermal spectrum) for
the tested wood samples: experimental results without scatter-
ing correction (uncor), experimental results with scattering cor-
rection (cor) and the theoretical mass attenuation coefficient
(dashed horizontal line).
uation coefficients, S, of the thermal and cold neutron
spectra refer to absolutely dry wood with a density of
0.6 g cm-3. Although hydrogen represents approximately
only 6%weight of the wood substance, it accounts for 90%
of the attenuation coefficients in the thermal spectrum
and 91% in the cold spectrum. Carbon and oxygen,
which contribute over 90% to the mass of wood, play
only a minor role with regard to the attenuation of the
neutron beam.
The mass attenuation coefficients S/r are constant
and can be considered as wood properties for a certain
energy spectrum. A comparison with the values deter-
mined by Olson and Arganbright (1981) shows that the
mass attenuation coefficients for both neutron spectra
(1.88 cm2 g-1 for thermal neutrons and 2.37 cm2 g-1 for
cold neutrons) lay between the values of mono-energetic
X-ray photons with 10 and 15 keV.
It should be restated that the presented theoretical
attenuation coefficients represent only approximations of
the real values as two assumptions had to be made for
the calculation:
1) The first assumption concerns the elemental com-
position. While Olson and Arganbright (1981) also
took nitrogen into consideration when determining
the X-ray mass attenuation coefficients, it seemed
negligible in the case of neutrons. For the calculation,
only carbon, oxygen and hydrogen were taken into
account. Nitrogen seemed negligible as it represents,
together with all other trace elements, less than 1%
(by wt) of wood. Besides the small content, nitrogen
shows a small microscopic cross-section similar to
that of carbon and oxygen.
2) The next assumption concerns the database for the
microscopic cross-sections s. The calculation is
based on data retrieved from different data libraries,
where the microscopic cross-sections for the differ-
ent natural elements and isotopes are collected.
Microscopic cross-sections for a certain element can
vary significantly depending on whether the atom is
considered as part of a compound or as a free atom.
The s-values are, e.g., 50% higher for hydrogen
bound in water than for the free hydrogen. So far, no
data are available for hydrogen, carbon and oxygen
bound in cellulose, hemi-cellulose or lignin. While for
hydrogen, the s-values for hydrogen bound in water
were used, but for carbon and oxygen the s-values
for their elemental form had to be applied.
The available cross-sections are given as energy
dependent quantities. The experiments were carried out
at facilities with two different polychromatic beams. For
the calculation of the attenuation coefficients, the micro-
scopic cross-sections were weighted against the corre-
sponding spectra.
Experimentally determined attenuation coefficients
Part of the experiments is aimed at determining the rela-
tionship between attenuation coefficient and density, the
impact of scattering, and the accordance of the experi-
mental results with theoretical values. The results for the
thermal spectrum are shown in Figure 5. The experimen-
tal attenuation coefficient, S, without scattering correc-
tion already shows a very strong linear correlation to the
density but the difference to the expected theoretical
values is very distinct. The data corrected with the scat-
tering correction software, QNI, further increase the linea-
rity of the results and the values are shifted very close to
those of the theory. The corrected experimental data are
in agreement to a great extent with the theoretical values
as the correlation coefficient (r2s0.99) determined by
linear regression indicates. Figure 6 illustrates the mass
attenuation coefficients, S/r, with and without scattering
correction in comparison to the theoretical S/r-value.
The mass attenuation, which should be constant, shows
a considerable spread for the uncorrected data that are
also quite low in comparison to the theoretical value. The
scattering correction also has a clear influence on the
mass attenuation by decreasing the spread of the results
and by approaching the mean value of the experimental
results to the theoretical one.
The experiment was repeated with identical samples
for a cold neutron spectrum at the ICON facility. Figure
7 shows the results for attenuation coefficients over the
density range. Similar to the experiment with the thermal
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Figure 7 Attenuation coefficient S wcold spectrum (ICON)x of
beech and spruce samples over the density; S without scatter-
ing correction: crosses; S with scattering corrections: rhombus-
es; theoretical values: grey line; vertical error bars: estimated
measuring errors.
Figure 8 Mass attenuation coefficients (cold spectrum) for the
tested wood samples: experimental results without scattering
correction (uncor), experimental results with scattering correc-
tion (cor) and the theoretical mass attenuation coefficient
(dashed horizontal line).
Figure 9 Attenuation coefficient S (thermal spectrum) of
extracted (white) and untreated (grey) twin specimens of spruce,
yew, larch and black locust over the density. Vertical error bars:
estimated measuring errors.
spectrum, a strong linear correlation with the density can
be observed. However, unlike the first experiment, the
uncorrected values already lie relatively close to the
expected theoretical ones. The results with scattering
correction are closer to the theoretical values, but not as
close as for the thermal spectrum. Although the corre-
lation is indubitable, it is not as pronounced as for the
thermal spectrum. This tendency also appears in the
mass attenuation coefficients (Figure 8). The uncorrected
results are already in the vicinity of the theoretical ones
showing that the scattering correction accounts for a
smaller effect than for the thermal spectrum. Also, the
spread of the uncorrected and corrected results is
significant.
The differences in the results for thermal and especially
cold spectra, when comparing the effect of the scattering
correction can be ascribed to different effects. One could
be that the scattering correction software was first devel-
oped for the NEUTRA beam-line. The interaction behav-
iour of neutrons in a thermal spectrum is well known and
a multitude of empirical and theoretical data is available
for this energy range. This is not the case for cold neu-
trons, which are used at ICON. As only very few facilities
worldwide work with cold neutrons, fewer and less reli-
able information on that energy range is available. The
higher discrepancy between theoretical and experimental
data could indicate that the data used for the simulation
of neutron scattering in the cold spectrum are not as reli-
able as those used for the thermal spectrum.
Another point that could add to the discrepancy
between the beam-lines could be that the ICON beam-
line, which only came into operation at the end of 2005,
was built with the experience gained at NEUTRA. Thus,
some constructional weaknesses could be avoided,
resulting in a possible overcompensation of presumed
background scattering effects by the correction software.
Another part of the experiments aimed at ascertaining
the possible influence of the extractives contents on the
attenuation coefficient. Figure 9 shows the attenuation
coefficients of the extracted and untreated wood sam-
ples for the thermal spectrum. A strong linear correlation
is obvious between attenuation coefficient and density,
and we suggest that the extractive content influences the
attenuation coefficient only as far as it affects the density.
This result confirms the working hypothesis at the begin-
ning of the experiments as the influence of elements
other than carbon, oxygen and especially hydrogen
seems to be insignificant. Some of the values for the
extracted samples in Figure 9 show higher values for the
attenuation coefficient as well as for density. This is due
to the fact that not all of the samples represent perfect
twin samples with identical density and tree ring struc-
ture. Some of the samples had some knots leading to
higher density and thus to higher attenuation in spite of
the extraction.
The results obtained from the tropical wood species
again show a high linear correlation between attenuation
coefficient and density, which confirms the results of the
other experiment as well as the theoretical considera-
tions (Figure 10). When compared to the theoretical
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Figure 10 Attenuation coefficient S (thermal spectrum) of trop-
ical wood species (balsa, obeche, merbau and Makassar ebony)
over the density; vertical error bars: estimated measuring errors.
values, the results for the two species with higher den-
sities (merbau and makassar ebony) lie below the cal-
culated theoretical values. Possible explanations could
be the very restricted number of samples tested in this
experiment or the uncertainties of the scattering correc-
tion software. Nevertheless, the accuracy of the experi-
mental results is satisfying as the theoretical values are
still in the range of the estimated measuring error.
Conclusions
The attenuation coefficient of wood for thermal and cold
neutron spectra shows a very strong linear correlation to
the wood density unaffected by the tested wood species
or extractive content. Although consisting only of
approximately 6% of hydrogen, it accounts for 90% of
the attenuation, while the other two main components,
carbon and oxygen, account for the rest. For theoretical
considerations of the attenuation coefficient of wood for
neutrons, other elements can thus be neglected.
As neutrons are very susceptible to scattering, espe-
cially when interacting with hydrogen, correcting these
scattering effects with suitable software (such as the QNI
used) seems necessary if quantitative evaluations are
intended.
The determination of the attenuation coefficients of
wood is a necessary step towards utilisation of NI as a
reliable non-invasive evaluation method in the field of
wood research. It provides a framework for future exper-
iments, which could focus on the distribution of density
or especially of moisture. From the attenuation coeffi-
cients, measuring specifications regarding experimental
setup, sample size and condition, etc. can be derived.
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